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1. Introduction
The transformation of carbon dioxide as a low cost
monomer into useful materials like poly (alkylene
carbonates) for packaging and consumer goods, has
been globally proposed by industry and academia
as a contribution to the mitigation of the greenhouse
effect [1]. Poly(propylene carbonate) (PPC), the
most studied of these polymers, faces multiple chal-
lenges when it comes to material properties and
processing, in particular with respect to its mechan-
ical properties, warpage and polymer degradation
upon melting extrusion [2–5]. The esterification of
the hydroxyl end groups of PPC using i.e. maleic
anhydride (MAH), a dicarboxylic anhydride, has
proven successful to mitigate the thermal degrada-
tion via chain unzipping and minimize the loss of
molecular weight during extrusion [2–8]. Using
anhydrides containing three or more carboxylic
groups, like the tetra-carboxylic pyromellitic di-
anhydride (PDAH), has however not been reported.
In this short communication we want to report some
advantages found for PDAH over MAH as melt
modifiers of PPC, based on characterizations of the
polymer stability, and the viscoelastic and thermal
properties.
2. Material and methods
2.1. Sample preparation
PPC pellets (QPAC40 from Empower Materials,
USA) (4.8% propylene carbonate) were dried under
dry N2 atmosphere at 25°C for 72 h prior to use.
PDAH (Cat. # 412287, MW 218.32, 97%, Sigma
Aldrich, Germany) and MAH (Cat. # 63200, MW
98.06, 99%, Sigma Aldrich, Germany). PPC pellets
(300 g) and anhydride powder (0.1, 0.5, 1.0 and
3.0 wt%) was premixed and fed in a Prism Euro-
lab16 twin screw compounder (Thermo Electron
Corporation, UK, Barrel D: 16 mm, L/D: 25, feed-
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© BME-PTing speed: 2 kg/h, screw speed: 500 r.p.m, barrel
and die temperature: 140°C). The extrudate was
cooled by water, cut into pellets and dried under dry
N2. The initial and final portions of the extrudate
were discarded and approximately 120 g of each
melt compounded recipe was collected.
2.2. Characterization methods 
Rheology: Complex viscosity (!*), was measured
within the linear viscoelastic range using the Rheo-
metrics Scientific RDA II Analyzer, equipped with
plate-plate geometry (diameter 25 mm), on hot
pressed specimens (diameter 25 mm). Preheating
time of 200 s, frequency interval 0.06 to 15.85 rad/s
for isothermal/isostrain measurements at 140°C/10%
was used.
TGA: Thermogravimetric analysis thermograms
were recorded in a TGA Q500 instrument from TA
Instruments in accordance to ISO 11358, using
3 mm diameter disks approximately of 10 mg, cut
from plates 1 mm thick hot pressed at 150°C. Con-
stant flow of N2 was used during 5 min purging
period and during the analysis. TGA runs were
recorded over a temperature interval of 25–425°C
using a heating rate of 10°C/min. The characteriza-
tions were made following the ICTAC guidelines
for data acquisition [9].
GPC: The molecular-weight distribution was deter-
mined by size-exclusion chromatography (SEC).
The analyses were performed in an Agilent PL-
GPC 50 equipped with a refractive index detector
and calibrated with narrow polystyrene standards
using THF as the eluent at 40°C (triplicate measure-
ments).
DMTA: Dynamic mechanical thermal analysis
characterizations were performed in a DMA Q800
from TA Instruments using a single-cantilever fix-
ture. Storage and loss moduli, E" and E#, were
measured within the linear viscoelastic range. The
scanned interval was –5 to 70°C using a dynamic
strain of 0.01% and a frequency of 1 Hz; the test
specimens were 2 mm$%5 mm$%25 mm strips cut
from hot-pressed films at 150°C (triplicate meas-
urements). 
3. Results and discussion
The characterization of anhydride melt modified
PPC (PPCMA: MAH modified, and PPCPA: PDAH
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Figure 1. Characterization of unmodified PPC and melt modified PPC with maleic anhydride (MAH) and pyromellitic
dianhydride (PDAH) at various wt% loadings. a) TGA: N2 10°C/min, T|5% [°C]: temperature at 5 wt% loss,
T|ons [°C]: temperature at the onset of the main thermal decomposition. b) GPC: Mn [kDa]: molecular weight in
number, Mw [kDa]: molecular weight in weight. c) RDA:  !*
| 0.1 and !*
|10 [kPa·s]: complex viscosity at 0.1 and
10 rad/s. d) DMA: Tg [°C]: glass transition temperature, E"|20 [MPa]: storage modulus at 20°Cmodified) by SEC, RDA, DMTA and RDA is shown
in Figure 1. Reference samples are unmodified PPC
(not extruded). The TGA parameters (Figure 1a)
show the expected increase in the thermal stability
for PPC after the addition of MAH and PDAH. At
the highest level of anhydride addition (3 wt%), T|5%
decreases for both MAH and PDAH and T|ons
increases steadily, clearly indicating the occurrence
of degradation via chain unzipping (ChUz) proba-
bly caused by the excess of acidity in the system.
This behavior at the 3 wt% level is consistent with
the drop in the molecular weight Mn and Mw (Fig-
ure 1b), the decrease of the complex viscosity (!*
|0.1
and !*
|10) (Figure 1c), and the stiffness (E"|20 in Fig-
ure 1d).
The stoichiometric amounts required to complete
the end capping in both polymer ends correspond
approximately to 0.3 wt% loading for both anhy-
drides. Hence, a stoichiometric excess of acid equiv-
alents are present in most of the samples. Further, it
may be assumed that incomplete end capping hap-
pens in practice due to, e.g., short residence time and
incomplete mixing in the compounder. Therefore,
the improvement of properties approximately above
0.3 wt% anhydride are assumed to be explained
also by non-covalent interactions between the unre-
acted anhydrides and the polymer chains or among
unreacted anhydrides, e.g., hydrogen bonding and
other non-covalent interactions (vide infra).
One of the major concerns regarding PPC com-
pounding is the polymer degradation due to simul-
taneous thermal and mechanical (shear) degrada-
tion. Random chain scission (RCS) and ChUz of
freshly generated hydroxyl chain ends is commonly
evidenced in our work with end capped PACs. This
shear dependent process affects in particular the
high molecular weight fraction of the polymer as
evidenced from the higher drop of Mw compared to
Mn (Figure 1b). Both anhydrides act as chain exten-
ders or chain healers as evidenced by the observed
mitigation of the molecular weight decrease, simi-
lar to previously reported for MAH [7]. The chain
healing process is depicted in Figure 2 and can be
described as follows: during PPC extrusion in the
absence of any anhydride, RCS occurs and new
hydroxyl end groups are generated (Figure 2a).
These end groups cause increase in the ChUz with
the concomitant formation of cyclic propylene car-
bonate (CPC). In the presence of a di or tetra car-
boxylic compound like MAH or PDAH (Figure 2b–
2c), the hydroxyl ends react with the carboxyl
moieties in two ways. On the one hand, end capping
occurs for the free polymer ends thus reducing
ChUz in the conventional way. On the other hand, it
is suggested that the anhydrides participate in a
‘healing’ reaction that remedies the molecular
weight drop caused by the RCS. The chain ‘healing
efficiency’ is similar for both anhydrides as seen
from the similar values of Mn and Mw at the same
level of anhydride. This fact suggests that the ester-
ification rate for the two anhydrides with PPC is
similar under the conditions used. The molecular
weight conservation can be expected at slightly
higher levels than 1 wt% of anhydride.
PPC containing CPC is soft since the latter has a
plasticizing effect. The polymer softness leads to
warpage and shrinkage of PPC items that have been
processed by conventional polymer converting tech-
niques like injection molding. Therefore, it is desir-
able to increase the polymer stiffness in order to
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Figure 2. Hypothetical reaction paths during reactive extrusion in absence of additives a), in presence of dicarboxylic
mono-anhydride (MAH) b) and tetracarboxylic di-anhydride (PDAH) c)counteract the relaxation of the built up internal
stresses in order to mitigate these phenomena. The
storage modulus (E"|20), a measure of the stiffness,
shows that PDAH contributes to increased stiffness
(Figure 1d). The presence of more than two car-
boxylic groups in PDAH may allow the tethering of
multiple PPC chains to a single dianhydride mole-
cule (Figure 2c). Also, the slight modification of Tg
that is observed follows the trend for E"|20. It is
worthwhile to mention that the resulting modified
polymer samples are fully thermoplastic, and fully
soluble in acetone which allows discarding the
occurrence of strong crosslinking. Instead this behav-
ior suggests that the improved mechanical proper-
ties may arise from branching from at least three
PPC chains tethered to a PDAH molecule (Fig-
ure 2c). This hypothesis is also supported from pre-
vious work on chain extension in PLA in which the
addition of polyfunctional chain extenders with iso-
cyanide or epoxy moieties result in branched poly-
mer structures [10, 11]. Maleic anhydride rein-
forces the polymer at low loadings but softens the
polymer at higher level. The drop in stiffness with
increasing MAH loading is opposite to previous
observations [7]. In our work it appears that the
coupling of two maleate moieties which allows
branching and explains the increase of stiffness in
previous work [7] is a reaction of low significance.
The changes in E"|20 and Tg could also be under-
stood as the result of a varying content of CPC in
the samples. However, when evaluating the CPC
content in the samples modified with 1.0 wt% of
PDAH and MAH, both show insignificant differ-
ences in the CPC level. This observation allows dis-
carding any significant effect of the CPC content in
the changes in E"|20 and Tg of samples modified with
similar levels of both anhydrides under discussion.
The characterization of CPC was done by 1H-NMR
however, for brevity, was not included.
When checking the DMA and TGA characterization
of samples, the dissimilar modification of the ther-
mal stability and stiffness may also be explained
from non-covalent interactions.  Hydrogen bonding
has been reported to contribute to both perform-
ances in PPC [12, 13]. Also considering the pres-
ence of aromatic rings from PDAH, interactions
with the & electron cloud (&–carbonyl, &–carboxyl
or &–&  interactions [14]) could also be the origin of
the improvements observed in these properties. The
changes in T|ons from TGA reveals the changes in
the ability of the polymer to undergo degradation
via RChSc. The samples modified by PDAH show
higher values in this parameter which is a sign of
different levels of thermal stabilization as the result
of the modification of non-covalent interactions.
The thermomechanical properties of PPC may also
be enhanced by the compounding with organic and
inorganic micro- and nanofillers. This commonly
results in a steep increase of the melt viscosity,
which affects the processing performance of the
resulting compounds. A lower melt viscosity of the
resin can be achieved by decreasing the molecular
weight, but this is most often undesired. Preferably,
the final molecular weight should be high while at
the same time decreasing the melt viscosity to facil-
itate processing. This type of performance is achieved
after the compounding of PPC with anhydrides,
evidenced from the drop of the complex viscosity
both at high and low shear (Figure 1c). Taking into
account the mitigation of the molecular weight drop
when increasing the anhydride loading (Figure 1b),
the observed decrease of the complex viscosity can
clearly not be linked to the decrease of the molecu-
lar weight. These facts allow speculating on the
polymer structural reconformation and/or the modi-
fication of the secondary interactions with the anhy-
drides.
4. Conclusions
The melt modification with multifunctional car-
boxylic anhydrides like PDAH is a useful tool in
high-shear melt processing of PPC. It is found that
this alternative compared to the modification with
MAH improves the stiffness, the thermal stability
and decreases the melt viscosity of PPC while miti-
gates the molecular weight drop caused by shear. It
is suggested that in addition to conventional end-
capping, branching due to the tethering of more
than two PPC chains to a single anhydride mole-
cule, and the influence of non-covalent interactions
may explain these results.
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